We report on the use of a trilayer configuration in which the sample under investigation, in our case a 600 Å-thick (La 1-y Pr y ) 0.67 Ca 0.33 MnO 3 (LPCMO) film, comprises the base layer of a metal-insulator-metal (MIM) trilayer capacitor structure (see Fig 1a of Letter). Under certain experimental conditions this unconventional configuration allows for the simultaneous measurement of electrical transport both parallel and perpendicular to the film interfaces.
contribution providing certain experimental constraints are satisfied. When these conditions are satisfied, we show using the well-known Maxwell-Wagner model that the perpendicular contribution is resolved into two series-connected parts: a contribution from the reference AlOx capacitor and a contribution from the intrinsic dielectric response of the LPCMO film. We then show with additional data on films of different thickness how the substrate strain-induced anisotropy, measured by the difference in temperature between the resistance maxima and capacitance minima, decreases and approaches bulk like behavior as the film thickness increases.
Comparison of longitudinal and perpendicular voltage drops
The measured voltage of the two-terminal configuration of Fig. 1a of the Letter can have both parallel and perpendicular contributions from currents flowing respectively either along the LPCMO electrode or transverse to the film through the capacitor. Since these contributions cannot be distinguished in a twoterminal measurement, it is necessary when measuring capacitance to establish conditions where the perpendicular voltage drop dominates over the parallel voltage drop. There are two necessary requirements to assure a dominant perpendicular voltage drop: (1) the dc leakage current through the AlOx dielectric is negligible and (2) the measurement frequency is constrained to be within well defined upper and lower bounds determined by sample properties.
We can begin to understand these requirements by modeling the measurement configuration as a resistance R s in series with the parallel combination of a complex lossy capacitance, C*(ω)= C 1 (ω) -iC 2 (ω), and a dc resistance, R 0 ( Supplementary Fig. 1a ). By lossy capacitance we mean a capacitor that does not pass dc current but does experience loss at ac due to dipole reorientation. Thus the combination of C*(ω) shunted by R 0 is a leaky a b
Supplementary Figure 1 | Circuit diagrams facilitate understanding the sources of longitudinal and perpendicular voltage drops. a, Circuit equivalent of the two-terminal measurement configuration (Fig. 1a of Letter) where R s is the series resistance of the LPCMO sample and the parallel combination of a complex (lossy) capacitor C*(ω) with a resistor R 0 represents the impedance of the LPCMO in series with the aluminum oxide capacitor. In the two-terminal configuration, the longitudinal voltage drop across R s cannot be distinguished from the perpendicular voltage drop across the parallel combination of C*(ω) and R 0 . b, Decomposition of C*(ω) = C 1 (ω) -iC 2 (ω) into a parallel combination of C 1 (ω) and R 2 (ω) = 1/ωC 2 (ω). c, Circuit equivalent for the capacitance C′ (ω) and conductance 1/R(ω) reported by the capacitance bridge. d, Maxwell-Wagner circuit equivalent for the LPCMO impedance in series with the Al/AlOx capacitor. The LPCMO manganite film impedance is represented as a lossy capacitor C * M (ω) shunted by a resistor R M . There is no shunting resistor across C AlOx because the measured lower bound on R 0 is 10 GΩ, well above the highest impedance of the other circuit elements. (Fig. 1b of Letter), which together imply that over the whole range of dc measurements more than 99.9%
of the voltage appears across C*. At temperatures away from the resistance peak this figure of merit improves considerably.
Since the capacitance measurements are made at finite frequency, we must consider the more complicated situation of additional current paths and choose conditions to assure that most of the ac potential drop is across C*(ω).
We do this by redrawing the circuit of Supplementary Fig. 1a to include the ac loss as a resistor R 2 (ω) =1/ωC 2 (ω) ( Supplementary Fig. 1b ) which diverges to infinity at dc (ω = 0). To be sensitive to LPCMO properties, we desire most of the ac current to flow through R 2 (ω) and therefore choose frequencies to satisfy
thereby determining a lower bound on ω.
The AH capacitance bridge reports the capacitance C′ (ω) and the conductance 1/R(ω) of the parallel equivalent circuit shown in Supplementary   Fig. 1c . Using straightforward circuit analysis we relate the measured quantities C′ (ω) and R(ω) to the circuit parameters of Supplementary Fig. 1b by the equations:
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If R s is small enough to satisfy the relation
then equations S2 and S3 reduce respectively to C′ (ω)= C 1 (ω) and R(ω) = R 2 (ω). Accordingly, the fulfillment of the constraints imposed by Eqs. S1 and S4
assures us that the ac dissipation is not due to leakage resistance and that the voltage drop across R s can be ignored. Under these conditions the measured complex capacitance has real, C′ (ω), and imaginary, C′′ (ω) = 1/ωR(ω), parts that reflect respectively the polarization and the dissipation plotted and discussed in the Letter.
The constraints of Eqs. S1 and S4 now become
where we have replaced C 1 and C 2 by the measured quantities C′ and C′′ respectively. These relations conveniently allow us to experimentally determine the range of frequencies over which R s can be safely ignored, thus guaranteeing that the equipotentials at ac are parallel to the film interface (Fig. 1c of Letter).
We show in Supplementary Fig. 2 the H = 0 temperature dependence of the impedance components, 1/ωC′(ω), 1/ωC′′(ω) measured at 500 Hz and R || measured at dc. The corresponding temperature dependence of C′ (ω) is shown in Fig. 1b of the Letter. Clearly the constraints of (S5) and (S6) Supplementary Fig. 1d . The resulting expression,
reveals a dielectric response determined by two time constants, R M C AlOx and R M C M . As ω increases, the capacitance crosses over from being dominated by C AlOx to a capacitance dominated by the series combination of C AlOx and C M , i.e.,
as it is over much of the data range in It is worthwhile to further elaborate on intrinsic versus extrinsic effects.
The MW model is usually used to ascertain the contributions of contacts and interfaces when the material of interest is sandwiched between two electrodes (Refs 4, 5, 7, 17, 18 of Letter) . In capacitors with thick dielectrics, the interface region next to either electrode can have distinctly different properties than the interior bulk. Such a heterogeneous system is well described in the MW model by two series-connected leaky capacitors. If one of the leakage components, say the interface, is magnetic field sensitive and exhibits magnetoresistance (MR), then the measured magnetocapacitance (MC) can be a consequence of the extrinsic properties of an interface contact rather than the intrinsic properties of the bulk. In the unconventional configuration described in the Letter, the interface contact is a dispersionless leak-free Al/AlOx capacitor as represented schematically in Fig. S1(d) , and the observed MC is due to the intrinsic properties of the mixed phase LPCMO. Any interface effects between the AlOx and the LPCMO are negligible, since the factor of 1000 change in capacitance, which includes the region where power-law scaling collapse is observed, necessarily involves the entire manganite film as described in the concluding section of the
Letter. In addition all extrinsic contributions from contacts to the LPCMO at the film edges (Fig 1a of Letter) are included in the resistance R s , which as we have shown above, can be ignored when the frequency is chosen to satisfy the inequality of Eq. S6. Experimentally, this insensitivity was further checked by using silver paint or pressed indium for contacts as described in the Methods section of the Letter.
Dependence of anisotropy on film thickness
The insulator to metal (IM) transition in bulk LPCMO is due to a 3D percolation transition. However, as described in the Letter, the presence of strain at substrate/LPCMO interface gives rise to anisotropy as measured by two The data for both cooling and warming cycles at each thickness are obtained from the data shown in Fig. S3 by subtracting the temperature of the capacitance minimum (perpendicular transition) from the temperature of the resistance maximum. The error bars, which are on the order of the symbol size in Fig. S3 , are determined by the temperatures which give a ±0.1% deviation at each extremum (resistance maximum or capacitance minimum). of the same thickness film discussed in the Letter. These results show that our technique can advantageously be used to correlate anisotropies in LPCMO with deposition parameters. We anticipate that this capability will be applicable to other strongly-correlated complex oxide systems as well.
